Spectral properties of accreting
black holes and neutron stars
In X-ray binaries



Black hole flavours

« Black hole has only 2 parameters: mass and spin
» Observational appearance depends on these parameters
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X-ray binaries
Radio, IR, optical, UV:

cn e - outflows, jets
'H7tspot‘ i " g . donor Star
B O * outer accretion disk
I e\ * hot accretion flow

e . -~ Companion
Disc wind .. stream ompa
RN y ‘ol 5, - star- .

R Ayes 2007

- X/y-ray emission:
Lx~10°>-10% erg/s » hot accretion flow
-HMXRB: wind * cold accretion disk

:LMXB: Roche lobe overflow * neutron star
surface/boundary layer

* outflows, jets ?77?



BH outbursts
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BH outbursts

e Differential photon number:
dN/dE=N, E [photons /s / keV], power law
— photon index I
e Differential flux:
E dN/dE = dF/dE = Fp=F, E*[energy /s / keV]
— energy index a=I"—1 A
e Differential energy distribution:
E? AN/dE = EF = VF,

log EF’y;

e Plot EF; peaks at energy

soft spectrum
where power output of source peaks

most power (@ low E
o>1  [>2

log E




BH outbursts

e Differential photon number:

dN/dE=N, E [photons /s / keV], power law
— photon index I

e Differential flux:
E dN/dE = dF/dE = Fp=F, E*[energy /s / keV]

— energy index a=I"-1 4
e Differential energy distribution: LT:U
E? AN/dE = EF = VF, a8
o0
2
e Plot EF; peaks at energy hard spectrum
where power output of source peaks most power @ high E
a<l [<2

log E



BH outbursts

e Differential photon number:
dN/dE=N, E [photons /s / keV], power law
— photon index I
e Differential flux:
E dN/dE = dF/dE = Fp=F, E*[energy /s / keV]
— energy index a=I"—1 A
e Differential energy distribution:
E? AN/dE = EF = VF,

log EF’y;

e Plot EF; peaks at energy

flat spectrum
where power output of source peaks

equal power per decade

log E
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BH outbursts
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BH outbursts
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BH outbursts

LUMINOSITY (erg/s)

GX 339-4 02002 x2004 w2007

0.10
X-RAY COLOUR (6-10 keV / 2-6 keV)



optically thick
~black body

Ts5~0.1-1 keV.

@ 1038 erg/sec

BH spectral states:
optically thick and thin emission
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NS X-ray binaries
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NS spectral states
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size
R jisgi~3Rs~M

time scales
t~M

hard surface

BH & NS

BH

~100 km

~10 msec

NO
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~1 msec
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BH

NO boundary layer
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Sunyaev & Shakura, 1986
Tnogamov & Sunyaev, 1999

boundary layer
LBLNLdiSk
L tot:L disk+LBL



1038 kevxerg/sec/keV

vxL
1%

Boundary layer and disk in NS

0.1

disk

boundary layer
~Wien, kT~2-3 keV

l

GX340+0

total

10
Energy, keV

I M >5—10%Mgqq

Boundary layer:
« spectral component
 variability component



Spectral states: BH and NS

black hole
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Disk: kTys > kTgy (difference in size + BL emission in NS)

Comptonization: [\ > gy kTns < kTgy (hard surface in NS)

F,ecE"V=F™

F=-

dlogN, I dlogF;
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Comptonization



Comptonization: thermal & non-thermal

Cygnus X-1
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Relativistic non-thermal plasma —
(single inverse) Compton scattering

o] ) o

— Single inverse
Amplifier Compton scattering:
energy transfer from

electrons to photons.
Non-thermal
Compton scattering  One scattering, but shift
is large.

|
100 keV




Inverse Compton scattering

EXxplanation why scattered frequency is v ~ ")’211.11 when v > 1

Before scattering

Lab-frame e-rest frame
vi
€ | N g N LN
-, e - e
>=>1, (SN - Stng,

Isotropically incoming photons of frequency v;. Typical angle 6; =
7w /2. v; = vyy(1—[Bcos ;) = v;v. Note that we have assumed that
hvyy <€ mec? — hvi < mec?=511 keV — Thomson scattering in
the instantaneous rest frame where the electron is non-relativistic.



‘Tnverse Compton scattering

After scattering

In the e instantaneous rest frame Back to the Lab-fr
L ovey- %Y
=
\‘-~-
c-_)
2N NN - AT B Iy
VU T — —— -
peanut

Thomson scattering: (1) in all direction, i.e. typically 9} ~ /2,
(2) elastic (coherent), i.e. u} ~ v.. The photons are beamed in
forward direction vy = u}'y(l + B cos 9}) ~~ u}'y ~ viy = viy? Ex-
actly (neglecting recoil, hr K mec2), relativistic Doppler effects:

ul’ = v;v(1 — Bcos8;), V} = vy(1 — Bcosby), 1/} — V1,
therefore
1 — Bcosb;
I/f == Vj
1 —Bcosby




Hot thermal plasma —
thermal Comptonization

- =

Amplifier

Comptonization

Multiple inverse

Compton scattering:
energy transfer from
electrons to photons.

Small energy shift in
one scattering, but
many scatterings

log E
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Inverse Compton scattering

Emitted power by an electron moving through an isotopic
background of photons

Let us define the number of photons per solid angle passing through unit area in
unit time dn/d€ = I/(hv;), then for isotropic radiation

1 dn _c Uiad
Urad:;fldg' dQ Az hv,

The number of interactions of the electron with the photons per unit time is

dN dn = :
E:O-Tf(l_ﬁcosgi)d_gdg. Vf:V}7(1+BC959})
V= ]
dn ,
PCOmpton = O'T<f(1 —ﬁCOS 91)(th — th') d—Q dQ) v; = I/.ij(l—ﬂ cos 6;)

— caTUrad<% f [¥*(1 = Bcos6,)°(1 + Bcosd,) — (1 — Bcos ;)] d),

4 _
PCompton = CO_TUrad[yz(l +182/3) — 1] = gCO-Tl]radﬂ}/ZIB2 Crg S g



‘Non-relativistic Compton scattering

Non-relativistic Compton scattering

When electrons are non-relativistic, i.e. when v <€ ¢ or KT ~
(mv2/2) < me_c2, then the energy exchange in a single scattering
iIs very small.

This small energy exchange will be considered now in some detail.
Consider the case when the electrons have more energy than the
photons, kT 2 €;. Then the electrons lose the energy to photons.
The energy loss per unit time for a nonrelativistic (B K€ 1.y = 1)
electron becomes:

4 4
-1
(PCo-mpton> = EIBQCUTUrad = gBQCGTnphotonei erg s
where nppoton 1S the photon number density [cm—3]. The number
of collisions that the electron suffers per unit time is

dN 1

— = CO7TT. : S
dt T"*photon



‘Non-relativistic Compton scattering: energy change

The mean energy loss per collision, for the electron, i.e. the mean
energy gain, (Ae€), for the photon, becomes

(Ae) _ (PCo(-irxfpton) _ §ﬂ2€i

dt

Consider two extreme cases:
(a) Before the collision electron and photon moving towards each
other (8; = m) and after the collision the photon is moving in the
same direction as the electron (Of = 0). The head-on collision
gives maximal energy increase for back-scattered photons:

l—BCOSQi (1—{—,8
€ —> €f = € = €4
1 — B cos Of 1—p3
(b) Before the collision electron and photons are moving in the
same direction (8; = 0), while after the collision in exactly opposite
directions (8 = =). The tail-on collision gives maximal energy
decrease for back-scattered photons:

€; — Ef — €4 (i;g) zei(l —2,3)

) ~ €;(1 + 2p3)




‘Non-relativistic Compton scattering: energy change

*Head-on collisions are slightly more probable, therefore
photons on average gain energy.

BEFORE SCATTERING AFTER SCATTERING

= si'('l—2B) E;(1+2B)

The small asymmetry (of order O(HQ)) gives mean increase

€Ef — €; 4
<—> = (T— =28
The mean over a MaxweII-BoItzmann distribution becomes
Ae kT T
() =4—g =4

€; mec? 5 X 109K’



E Fg [keV em-2 s-!]

Why non-thermal Comptonization ?

Cygnus X-1

1 MeV

large kT, small T are required



E Fg [keV em-2 s-!]

Why non-thermal Comptonization ?

Cygnus X-1
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1 MeV

large kT, small T are required

vxI
1%

10 E\I\IIII

103 £

104

0.1 &

kT=500 keV -

=102

le T TTTTTH

LIl - Ll
1 10

10%

Energy, keV

103

[ENN
104



Neutron stars
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E Fg [keV ecm-2 s-!]

Geometry
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Hard state - standard
cold outer disk + hot
inner flow?

Soft state - standard
accretion a -disk, plus
corona?

hard state

outflow/jet emitting radio/IR/...

R

scattered
hard photons

4

variable inner
direct soft radiys
photons reflected

phot

cold outer disk

(a) hot inner disk Bliick hols
soft state
scattered
active region — soft seed % hard
reflecte ;
photons photons;( | __phetons
(b) cold accretion disk black hole




vxL, 10% erg/sec

Spectrum and geometry
(hard state)
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